Meiosis is a germ cell-specific division that is indispensable for the generation of haploid gametes. However, the regulatory mechanisms of meiotic initiation remain elusive. Here, we report that the Wdr62 (WD40-repeat protein 62) is involved in meiotic initiation as a permissive factor rather than an instructive factor. Knock-out of this gene in a mouse model resulted in female meiotic initiation defects. Further studies demonstrated that Wdr62 is required for RA-induced Stra8 expression via the activation of JNK signaling, and the defects in meiotic initiation from Wdr62-deficient female mice could be partially rescued by JNK1 overexpression in germ cells. More importantly, two novel mutations of the WDR62 gene were detected in patients with premature ovarian insufficiency (POI), and these mutations played dominant-negative roles in regulating Stra8 expression. Hence, this study revealed that Wdr62 is involved in female meiotic initiation via activating JNK signaling, which displays a novel mechanism for regulating meiotic initiation, and mutation of WDR62 is one of the potential etiologies of POI in humans.
Author summary
Meiosis is a unique cell division process which is indispensable for the generation of haploid gametes. However, the regulatory mechanism of meiotic initiation is unclear. In this study, we demonstrated that Wdr62 is required for female meiotic initiation in germ cells via activating JNK signaling. More importantly, we also found that mutation of WDR62 was a potential etiologies of POI in humans. Taken together, this study revealed a novel mechanism for regulating female meiotic initiation, and a potential etiologies of POI in a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
Introduction
In mammals, the haploid gametes are generated via meiosis, a program of two successive cell divisions preceded by one round of DNA replication. The onset of this program is referred to as meiotic initiation. Several intrinsic and extrinsic factors have been demonstrated to play roles in meiotic initiation. Retinoic acid (RA), the active derivative of vitamin A, which is synthesized in the mesonephros and diffuses into the adjacent gonad, is one of the most important meiosis-inducing factors [1, 2] . As an extrinsic factor, RA induces the germ cells to express the gatekeeper gene of meiosis Stra8 (stimulated by retinoic acid gene 8) [3] . Although the molecular functions of Stra8 have not yet been identified, several studies have shown that it is the first detectable sign of a germ cell's decision to enter meiosis and is essential for pre-meiotic DNA replication and subsequent meiotic initiation [4] [5] [6] . Additionally, the RNA-binding protein DAZL (deleted in azoospermia-like) is an intrinsic factor required for germ cells to initiate the process of meiosis. Dazl knock-out mice fail to express meiotic marker genes in germ cells and retain a PGC (primordial germ cells) -like state in both sexes [7, 8] . Although the morphological changes during meiosis have been extensively studied, the underlying mechanisms that initiate this process remain largely unknown.
Premature ovarian insufficiency (POI), which is characterized by menstrual disturbance (oligomenorrhea or amenorrhea), elevated gonadotropins and low estradiol before 40 years of age, affects approximately 1% of women of childbearing age [9] . POI is heterogeneous in etiology, and known causes include genetic, autoimmune, iatrogenic or idiopathic factors. Approximately 25% of cases are thought to be genetically associated, with mutations in more than 80 genes concerning gonadal development, DNA replication/meiosis, DNA repair, and hormone synthesis [10] [11] [12] [13] [14] [15] . However, up to date, etiology in most patients remains unknown.
WDR62 was originally identified as a scaffold protein in the JNK signaling pathway. Wdr62 encodes a protein containing 13 WD40 domain repeats in its N-terminal half and MKK7/JNK binding domains and six potential JNK phosphorylation sites in its C-terminal half [16] . WDR62 is the second most common genetic alterations associated with microcephaly (MCPH) in humans [17] . The requirement of Wdr62 in brain development and neural stem cell expansion has also been confirmed in mouse models [18] [19] [20] .
Strikingly, we found that inactivation of Wdr62 caused female meiotic initiation defects and germ cell loss in this study. Further studies revealed that the meiotic defects in female Wdr62-deficient mice could be partially rescued by JNK1 overexpression. Interestingly, two novel WDR62 mutations were detected in 2 sporadic cases with POI, suggesting that mutation of WDR62 is one of the potential etiologies of POI in humans.
Results

Inactivation of Wdr62 caused germ cell loss in both females and males
The immunohistochemistry results showed that the WDR62 protein was abundantly expressed in the germ cells in both ovaries and testes during the embryonic stage (S1A and S1B Fig) . The results of real time PCR showed that the mRNA level of Wdr62 had no significant difference between ovaries and testes at E13.5 and E15.5 (S1F Fig) . Wdr62 mRNA levels gradually increased from E11.5 to E13.5, and dramatically decreased at E14.5 and E16.5 in female gonads (S1G Fig). In testes, Wdr62 expression significantly increased from P1 to P7 and dramatically decreased at P10 (S1H Fig) . A knock-out mouse model was generated to investigate the function of Wdr62 in germ cell development (S2 Fig) . Wdr62 −/− mice were born with a normal Mendelian ratio, and no developmental defects were observed ( Fig 1A) . When male and female Wdr62 −/− mice were crossed with wild-type mice, no pups were obtained within 6 months, indicating that Wdr62 −/− mice were completely infertile ( Fig 1C and 1D) . The size of ovaries in 2-month-old Wdr62-deficient females (Fig 1B, right) was dramatically reduced compared with that of control littermates (Fig 1B, left) . H&E staining results showed that the ovarian follicles were absent in the Wdr62-deficient mice ( Fig 1F) . Further study found that the number of germ cells in Wdr62-deficient ovaries (S3B Fig Further confirm that Wdr62 is involved in germ cell development with a cell autonomous function, Wdr62 −/flox ; Tnap-Cre mice were generated. In Tnap-Cre mice, Cre recombinase is specifically expressed in germ cells of both male and female gonads at approximately E8.5 [21] . We found that the germ cell number was dramatically reduced in both male and female gonads 7 days after birth (S6 Fig) . We also noticed that the phenotype observed in Wdr62 −/flox ; Tnap-Cre mice was less severe than that in Wdr62 −/− mice. This is most likely due to the relative low efficiency of Tnap-Cre activity. The leakage of Tnap-Cre is another issue which needs to be clarified. For this reason, we specifically deleted Wdr62 in Sertoli cells using AMH-Cre mice. As shown in the S7 Fig, germ cell development in Wdr62 −/flox ; Amh-Cre mice was not affected, a large number of mature sperm were observed in the epididymis and histology of testes is normal. These results indicated that the defect of germ cell development was directly caused by inactivation of Wdr62 in germ cells rather than in somatic cells.
Inactivation of Wdr62 caused defect in meiotic initiation in female germ cells
The timing of germ cell loss in Wdr62-deficient mice was consistent with the developmental stage for meiotic initiation. To examine whether the germ cell loss in Wdr62-deficient mice was caused by the defect in meiotic initiation, the expression of meiosis-specific marker genes was analyzed by immunofluorescence and real-time PCR. STRA8 protein was detected in the germ cells of control ovaries at E12.5 (Fig 2A) and E13.5 ( Fig 2B) , but not in germ cells from Wdr62 −/− ovaries (Fig 2E and 2F ). SYCP3 ( Fig 2C) and γH2AX ( Fig 2D) proteins were detected in most of the germ cells in control ovaries at E13.5, but these proteins were virtually absent in germ cells from Wdr62 −/− ovaries ( Fig 2G and 2H) . However, germ cell marker proteins, DAZL and MVH, were expressed in both control (Fig 2A-2D) and Wdr62-deficient ovaries ( Fig 2E-2H ) at E12.5 and E13.5. The results of quantitative analyses showed that the percentage of STRA8-, SYCP3-and γH2AX-positive germ cells was significantly decreased in Wdr62 −/− ovaries compared with control ovaries at E13.5 ( Fig 2I) . As shown in Fig 2J , the mRNA levels of meiotic genes were all significantly reduced in the purified Wdr62 −/− germ cells at E13.5, whereas the expression of the germ cell-specific genes Dazl and Mvh was not changed. Interestingly, the mRNA levels of pluripotency genes Oct4, Nanog, Sox2 and Stella were significantly increased in the purified Wdr62-deficient germ cells, indicating that Wdr62deficient germ cells were retained in an undifferentiated state.
We also examined the expression of meiotic genes in male germ cells. In control testes, STRA8 protein (S8A Fig To examine whether the germ cell loss in Wdr62-deficient ovaries is due to the defective proliferation or cell apoptosis, Ki67 immunostaining and TUNEL assay were performed. As shown in S10 Fig, a majority of germ cells were Ki67-positive in control and Wdr62-deficient ovaries at E11.5 and E12.5. Numerous germ cells were still Ki67-positive in Wdr62-deficient ovaries at E13.5 and E15.5. By contrast, most of germ cells in control ovaries were Ki67-negative at E13.5 and E15.5. The results of TUNEL assay showed that the number of apoptotic germ cells was slightly increased at E12.5 and dramatically increased at E13.5 in Wdr62-deficient ovaries. These results indicated that the loss of germ cell in Wdr62-deficient ovaries is not due to the defect of proliferation. The Wdr62-deficient germ cells were retained in an undifferentiated state and underwent apoptosis eventually.
Wdr62 is required for RA-induced meiotic gene expression as an intrinsic factor in germ cells
In male gonads, meiotic genes are not expressed in the germ cells during the embryonic stage, but can be induced by exogenous RA treatment [1, 2] . To test whether Wdr62 is required for RA-induced meiotic genes expression, the testes from control and Wdr62 −/− mice were dissected at E13.5 and cultured in the presence of 1 μM RA. As shown in Fig 3A- 3D, STRA8 and SYCP3 proteins were detected in the germ cells from control testes, whereas no STRA8 and SYCP3 signals were noted in germ cells from Wdr62-deficient testes. The results of quantitative analyses showed that the percentage of STRA8-and SYCP3-positive germ cells was significantly reduced in Wdr62-deficient testes ( Fig 3E) . The mRNA levels of Stra8, Sycp3 and other meiotic genes were also dramatically increased in the control testes after RA treatment but not in the Wdr62-deficient testes ( Fig 3F) . An in vitro study also showed that Stra8 mRNA level was significantly induced by Wdr62 in F9 cells in the presence of RA, but could not be induced by only Wdr62 transfection, indicating that Wdr62 seems to be a permissive factor but not an instructive factor ( Fig 4A) . Further study revealed that the Stra8 promoter could not be activated by either the WD40 domain or the JNK binding domain of WDR62 ( Fig 4B) , indicating that both WD40 and MKK7/JNK binding domains are essential for the normal WDR62 function. All these results indicated that Wdr62 is required for RA-induced Stra8 expression as a permissive factor.
Wdr62 is involved in RA-induced meiotic gene expression by activating JNK signaling
It has been previously demonstrated that JNK signaling is activated by Wdr62 [16, 18, 22] . It is reasonable to postulate that JNK signaling pathway may also be involved in Wdr62-dependent Stra8 expression. The phosphorylated JNK protein in germ cells at E13.5 was examined by immunostaining. We found that p-JNK was detected in a small portion of germ cells in control mice (S11A and S11B Fig) . By contrast, very few p-JNK positive germ cell was noted in Wdr62-deficient mice (S11C and S11D Fig) . These results suggest that the activation of JNK signaling is probably involved in germ cell meiotic initiation. Moreover, a luciferase assay with AP-1 promoter, which is a direct downstream factor of JNK signaling, was performed. As expected, the activity of the AP-1 promoter was significantly increased with Wdr62 transfection. Interestingly, the activity of the AP-1 promoter was synergistically activated by Wdr62 transfection and RA treatment ( Fig 4C) . Moreover, RA induced JNK signaling activation was significantly decreased when endogenous Wdr62 was knocked down with shRNA in F9 cells ( Fig 4E-4G ). We also found that the expression of Stra8 could be induced by JNK1 and JNK2 overexpression in F9 cells ( Fig 4D) . To further examine the functions of JNK signaling in meiotic gene expression, ovaries and testes from E13.5 control embryos and P2 testes were cultured in vitro and treated with RA and/or JNK inhibitor SP600125. Immunostaining results showed that STRA8 protein level was dramatically reduced ( Fig 5E) and that the germ cells were blocked at early leptotene stage in the ovaries when treated with 1 μM SP600125 ( Fig 5F) . The percentage of STRA8-and SYCP3-positive germ cells in SP600125-treated ovaries was significantly reduced compared to that of control group ( Fig 5I) . The mRNA levels of meiosis-related genes were also significantly reduced in SP600125-treated ovaries ( Fig 5K) . As expected, STRA8 and SYCP3 expression were detected in the testes after exogenous RA treatment ( Fig 5C and 5D ). However, no STRA8 and SYCP3 proteins were detected in the testes with combined RA and SP600125 treatment ( Fig 5G, 5H and 5J ). The mRNA levels of Stra8, Rec8 and Sycp3 were significantly reduced compared with that in RA-only treated testes ( Fig 5L) . In testes, after 3 days culture, the expression of STRA8 and SYCP3 proteins was dramatically reduced with SP600125 treatment ( Fig 5O and 5P ) compared with control group (Fig 5M and 5N) . The results of quantitative analyses showed that the percentage of STRA8-and SYCP3-positive germ cells in SP600125-treated testes was evidently reduced compared with control group (Fig 5Q) . The mRNA level of meiotic genes was also significantly decreased in SP600125-treated testes compared with that in control testes ( Fig 5R) . These results indicated that JNK signaling plays important roles in germ cell meiotic initiation, and demonstrated that the defect in germ cell development in Wdr62 knockout mice was most likely mediated by JNK signaling.
To test this hypothesis, Wdr62 −/− ; CAJNK1 ±/flox ; Tnap-Cre mice (referred to as rescued mice thereafter) were obtained. In this mouse model, Wdr62 was completely inactivated and JNK1 was constitutively activated in germ cells from approximately E8.5. Strikingly, the number of germ cells was significantly increased in the ovaries from rescued mice at E13.5 compared with ovaries from Wdr62 −/− mice (S12J Fig) . Meiotic gene (STRA8, SYCP3 and γH2AX) expression was significantly increased in the germ cells from rescued mice at E13.5 (S12B, S12E, S12H and S12K Fig) . A large number of developing follicles were observed in the ovaries of rescued mice 7 days after birth (Fig 6C and 6D) . Because the defect of germ cell development in rescued mice was only partially recovered, it is very hard to get pregnant spontaneously. To test the functions of oocytes from rescued mice, superovulation experiment was performed. After super-ovulation and mating with wild-type males, fertilized oocytes were obtained from 8-week-old rescued females. Live pups were obtained from both control and rescued females ( Fig 6H and 6I) after embryo transplantation, and the quantitative information was shown in S2 Table. These results indicated that the defect of germ cell development in Wdr62 −/− female mice was partially rescued by JNK1 overexpression. Based on these results, we concluded that JNK signaling pathway plays important roles in Wdr62-dependent RAinduced meiotic gene expression.
WDR62 missense mutation and frameshift-deletion were detected in patients with primary amenorrhea (PA)
The phenotype observed in Wdr62-deficient females correlate well with the pathological changes in PA patients, who exhibit many more severe defects in ovarian function compared with those with secondary amenorrhea in POI patients. We found two WDR62 heterozygous mutations by the screening of the whole exome sequencing in two patients with primary amenorrhea, and then we verified these mutations through Sanger sequencing. As shown in Fig 7A, Sanger sequencing revealed two novel mutations in the WDR62 gene in two patients. The missense mutation c.G1796A (p. C599Y) located on exon 14 and the frameshift-deletion c.3203_3206del (P.T1068fs) located on exon 26. Although the software recognizes the base "G" in the sequence diagram on the left, it can be seen from the sequence diagram that it is A and G heterozygous (green curve represents A base, and black curve represents G base). A mouse homolog was identified, indicating conservation of this protein. No other mutation associated with infertility was detected in POF916 patient. Two mutations of BRCA2 and one mutation of SPTB were detected in POF1072 patient. The BRCA2-deficient mice fail to progress complete meiosis, whereas meiotic initiation is normal [23] . The SPTB mutation information regarding infertility in mouse model can be found in Mouse Genome Informatics (http://www. informatics.jax.org). The detailed genetic profiles for these two patients were shown in supplementary material. Neither of the WDR62 mutations was reported in either 1000 Genomes or dbSNP database. Further Sanger sequencing confirmed that both variants were absent in the 192 healthy controls (Fig 7A and 7B) .
To test whether the normal function of WDR62 was affected by these mutations, a luciferase assay was performed with a Stra8 promoter reporter vector and Wdr62-expressing vectors carrying a missense mutation (M1) or a frameshift-deletion (M2). The Stra8 promoter was significantly activated by wild-type WDR62 when RA was present, but it was not activated by mutant WDR62 (M1 and M2). Additionally, WDR62-induced Stra8 promoter activity was attenuated by co-transfection with mutant WDR62 (M1 or M2) ( Fig 7C) . These results indicated that the mutations observed in human patients played a dominant-negative role in regulating Stra8 expression and that mutation of WDR62 is a potential etiology of POI in humans.
Discussion
Germ cell loss and infertility caused by meiotic defects have been reported previously [8, 24, 25] . In the Wdr62-deficient mouse model, germ cell loss was observed in both female and male mice, and the timing of germ cell loss in Wdr62-deficient mice was consistent with the developmental stage for meiotic initiation. The absence of meiosis-specific gene expression and chromatin condensation in Wdr62-deficient germ cells further confirmed the defects in meiotic initiation after Wdr62 inactivation. Although the expression of meiotic genes was absent, the expression of germ cell-specific genes (such as Dazl and Mvh) was not affected in female Wdr62-deficient germ cells. Germ cells maintain pluripotency before meiotic initiation. Upon meiotic initiation, the pluripotency program is switched off and a set of genes is turned on to enable their differentiation. In Wdr62-deficient germ cells, the expression of core pluripotency genes (Oct4, Nanog, Sox2 and Stella) was all significantly increased compared with the control germ cells. This phenomenon is also observed in Stra8 and Dazl knock-out germ cells [5, 8] , indicating that the process of female meiosis is blocked and that the germ cells are retained in an undifferentiated state.
Organ culture experiments showed that Stra8 expression could not be induced by RA treatment in Wdr62-deficient germ cells. However, an in vitro study showed that Stra8 mRNA level was significantly induced after RA treatment without Wdr62 transfection. This discrepancy is most likely due to the endogenous Wdr62 in F9 cells.
Stra8 expression was completely absent, whereas Dazl expression was not affected in Wdr62-deficient female germ cells, suggesting that Wdr62 is required for RA-induced Stra8 expression, which is probably independent of Dazl. Based on these results, we concluded that Wdr62 is required for germ cell meiotic initiation and that the germ cell loss in female Wdr62deficient mice is most likely a consequence of meiotic defects.
Although diverse cell types are exposed to RA during embryo development [26] , meiotic initiation is limited to the germ line. Moreover, embryonic germ cells do not respond to RA induction until they migrate into the developing gonad, suggesting that RA alone is not sufficient to induce the temporal and cell-type-specific meiotic initiation. Other intrinsic factors are required for this process. Dazl has been demonstrated to play an essential role for meiotic initiation as an intrinsic factor [7] . Inactivation of Dazl leads to a lack of Stra8 expression and meiotic initiation defects [7] . However, whether other signaling pathways are also involved in meiotic initiation is unknown. JNK signaling pathway has been reported to play important roles in multiple organ development, and inactivation of JNK1 and JNK2 causes embryonic lethality in mouse model [27] . In this study, we found that JNK signaling was induced by RA treatment and Wdr62 was required for RA-induced JNK signaling activation in germ cells. The function of JNK signaling in meiosis has been further confirmed by organ culture experiments. We found that RA-induced meiotic gene expression in germ cells was abolished by treatment with a JNK inhibitor. Most importantly, the defect in germ cell development from Wdr62-deficient mice could be partially rescued by overexpression of constitutively activated JNK1. Our study demonstrated for the first that JNK signaling is involved in germ cell meiotic initiation. However, the underlying mechanism is still unclear and need further investigation.
POI is highly heterogeneous, with no single underlying dominant gene deficiency. More than 80 candidate genes have been identified, with approximately 25% demonstrating causative function. Elucidating the etiology and molecular basis of POI is of paramount importance for understanding ovarian physiology. The two mutations in the WDR62 gene identified in POI patients with a dominant-negative role provide clinical evidence for the role of WDR62 in folliculogenesis.
The gene trap mouse model of Wdr62 has been reported previously. In that mouse model, a β-geo reporter was inserted in the intronic region between exon 14 and 15, which caused a down-regulation of Wdr62 expression [19] . The homozygous mutant mice exhibited growth retardation and reduced brain size with spindle instability and mitotic arrest in neural progenitor and MEF cells. In our mouse model, exon 2 was deleted which caused a frame-shift of the Wdr62 gene. Surprisingly, we found that Wdr62 −⁄− mice were born at a normal Mendelian ratio, and no obvious developmental defects were observed. This discrepancy between the two mouse models is probably caused by the different strategies used for generating the mouse models.
In summary, this study demonstrated that Wdr62 is required as a pivotal permissive factor for meiotic initiation in female germ cells via activating JNK signaling and that mutation of WDR62 is one of the potential etiologies of POI in humans. The results from this study reveal a novel mechanism for regulating meiotic initiation, which will allow us to better understand the regulation of meiotic initiation.
Methods
Ethics statement
All animal experimental procedures involved were performed in accordance with protocols approved by the Institutional Animal Care and Use Committee (IACUC) of the Institute of Zoology, CAS (AEI-09-02-2014). This human research study was approved by the Institutional Review Board of Reproductive Medicine of Shandong University ([2012] IRB No.18). Written informed consent was obtained from all subjects.
Generation of Wdr62 knock-out mouse strain
A Wdr62 +/flox mouse model was generated based on methods reported previously [28] . In brief, the Wdr62 flox allele was generated by inserting two loxp sites at both sides of exon 2 via homologous recombination. The Wdr62 +/− mouse strain was obtained by crossing with ZP3-Cre transgenic mice. In ZP3-Cre mice, Cre recombinase is specifically expressed in oocytes [29] . In this mouse model, exon 2 was deleted, which caused a frame shift. The strategy for gene targeting in ES cells and genotyping was shown in S2 Fig. 
Mice
All mice were maintained on a C57BL/6;129/SvEv mixed background. Wdr62 −/flox ; Tnap-Cre mice were obtained by crossing Wdr62 +/− ; Tnap-Cre males with Wdr62 flox/flox females. The rescued mice (Wdr62 −/− ; CAJNK1 +/flox ; Tnap-Cre) were obtained by crossing Wdr62 +/− ; Tnap-Cre males with Wdr62 +/− ; CAJNK1 flox/flox females. DNA isolated from tail biopsies and fetal tissues was used for genotyping as described previously [30, 31] .
Tissue collection and histological analysis
Gonads dissected from knock-out and control mice immediately after euthanasia, were fixed in 4% paraformaldehyde for up to 24 hours, stored in 70% ethanol, and embedded in paraffin. Five-micrometer-thick sections were cut and mounted on glass slides. After deparaffinization, sections were processed for immunohistochemistry and immunofluorescence analysis.
Immunohistochemistry, immunofluorescence, TUNEL assay and quantification analyses
IHC and IF procedures were performed as described previously [30] . Antibodies were diluted as follows: MVH (1:500, Abcam, ab13840), WDR62 (1:400, Bethyl, A301-560A), DAZL (1:100, AbD Serotec, MCA2336), STRA8 (1:200, Abcam, ab49405), SYCP3 (1:200, Abcam, ab15093), γH2AX (1:400, Millipore, 05-636), Ki67 (1:200, Abcam, ab15580). After staining, the sections were examined with a Nikon microscopy, and images were captured with a Nikon DS-Ri1 CCD camera. The IF sections were examined using a confocal laser scanning microscope (Carl Zeiss Inc., Thornwood, NY). TUNEL assay was performed using the DeadEnd Fluorometric TUNEL System (Promega, G3250).
For quantitative analyses, more than three biological replicates from the control and experimental groups were performed. Paraffin-embedded ovaries and testes were serially sectioned and at least three sections apart were stained for observation. Within the group, at least three cross sections from each animal were examined. Around 1000 germ cells were counted in each group. The quantification of germ cells number (GCs number) was normalized to the control group. We considered the number of germ cells in the control group as 1, then the number of germ cells in other groups were quantified relative to the number of germ cells in the control group.
Germ cell isolation
Germ cells were isolated from E13.5 genital ridges using SSEA-1 antibody as previously described [32] . Briefly, the digested female gonads were pooled and transferred to an Eppendorf tube containing 0.25% trypsin-0.02% EDTA for 5 min at 37˚C. After digestion, a singlecell suspension was obtained by repeated pipetting. Then, 20 μL of SSEA-1 microbeads (Miltenyi) were added to the single-cell suspension and incubated for 15 min at 4˚C. A magnetic separation was used to collect the magnetically labeled germ cells by applying the cell suspension onto a column (Miltenyi) placed in a MiniMACS separation unit (Miltenyi).
Nucleic acid isolation and quantitative reverse transcription PCR (RT-PCR)
Total RNA was extracted from MACS sorted cells, cultured F9 cells or gonads using a Qiagen RNeasy kit in accordance with the manufacturer's instructions. Two micrograms of total RNA was used to synthesize first-strand cDNA. To quantify gene expression, a SYBR Green realtime PCR assay was performed with the isolated RNA. All gene expression analyses shown in Fig 2, Fig 4 and S2 Fig were quantified relative to Gapdh expression, and Mvh was used as an endogenous control for gene expression analysis in the other figures (Fig 3, Fig 5 and S1 Fig) . The relative concentration of the candidate genes was calculated using the formula 2 -ΔΔCT as described in the SYBR Green user manual. The primers used were listed in supplementary S1 Table. Western blotting Tissue and cell were extracted in cold RIPA buffer (25 mM Tris-HCl, pH 7.6, 150 mM NaCl, 1%NP-40, 1% sodium deoxycholate, and 0.1% sodium dodecyl sulfate), which supplemented with 1 mM phenylmethylsulfonyl fluoride and a protease inhibitor cocktail (Roche, Indianapolis, IN, USA). The protein lysates were resolved by SDS-polyacrylamide gel electrophoresis (PAGE), transferred onto a nitrocellulose membrane and probed with the primary antibodies. The images were captured with the ODYSSEY Sa Infrared Imaging System (LI-COR Biosciences, Lincoln, NE, USA). Antibodies were diluted as follows: WDR62 (1:1000, Abcam, ab154044), Phospho-SAPK/JNK (Thr183/Tyr185) (1:1000, CST, 9251).
Plasmid construction
The promoter region of the Stra8 and Ap-1 genes was amplified by PCR using pfu DNA polymerase (NEB) as reported previously [33] [34] [35] . The amplified fragments were cloned into pGL3-basic plasmids. The Wdr62 expression vector was amplified by PCR using pfu DNA polymerase (NEB) and cloned into a pcDNA3.1-HA vector. The WDR62 mutation vectors carrying p.C599Y and p.T1068fs mutations were constructed by point mutagenesis using KOD--Plus-Neo polymerase (TOYOBO). The primers used for cloning were listed in S1 Table.
Plasmid transfection and luciferase assay
Cells of the mouse embryonal carcinoma F9 cell line were plated in 24-well plates and transfected with plasmids using Lipofectamine 3000 (Invitrogen) according to the manufacturer's instructions. Forty-eight hours after transfection, the cells were lysed, and whole-cell extracts from triplicate wells were analyzed. pRL-TK (Promega) containing the Renilla luciferase gene was used as an internal control. The luciferase activity was measured with a luminometer (Promega). The results were normalized against Renilla luciferase activity.
Organ culture
Agarose gel stands (1.5% w/v, placed in 24-well plates) were pre-incubated with culture medium for more than 24 hours. The gonads with mesonephroi were dissected from control and Wdr62-deficient E13.5 embryos and P2 testes were dissected, then placed them on agarose stands. The gonads were cultured in DMEM/F12 containing 10% FBS at 37˚C and 5% CO 2 . Then, 1 μM RA and/or 1 μM SP600125 were added to the culture medium. The cultured gonads were collected 72 hours later, and the gene expression was analyzed by real-time PCR and IF analysis.
Superovulation and embryo transplantation
Each female mouse at 8-week-old was injected with 7.5 IU of PMSG followed by 7.5 IU of hCG 48 hours to promote ovulation. The fertilized oocytes were collected from the ampulla of the oviduct of superovulated female mice after mating with male mice. The fertilized oocytes were transferred to the oviduct of surrogate mother in ICR background.
Whole exome sequencing in 50 patients with POI
A total of 50 unrelated Han Chinese POI women with primary amenorrhea (PA) were recruited between April 2003 and Nov 2016 from the Center for Reproductive Medicine, Shandong Provincial Hospital Affiliated to Shandong University. Among patients with POI, women with PA exhibit much more severe defects in ovarian function compared with those with secondary amenorrhea. The inclusion criteria were absence of menstruation by the age of 16 with a serum follicle stimulating hormone (FSH) level >40 IU/L, measured on two occasions at least one month apart. Patients with known chromosomal abnormalities, previous chemo-/radiotherapy or ovarian surgery, autoimmune disorders, or somatic anomalies (particularly any reported as associated with syndromic POI) were excluded. In addition, 192 agematched women with regular menses and a normal FSH level were enrolled as controls. Clinical characteristics of sporadic patients with PA and controls were shown in S3 Table. We preformed whole exome sequencing (WES) in the 50 patients with PA. Genomic DNA was extracted from peripheral blood with QIAamp DNA Blood kit (QIAGEN, Hilden, Germany) according to standard protocols. Whole exome capture was carried out with SureSelect Target Enrichment System for Illumina Paired-End Sequencing Library (Agilent Technologies, Santa Clara, CA). DNA sequencing were performed on the Illumina platform (Illumina Hiseq, San Diego, CA). Reads were mapped to the hg19 reference genome with Burrows-Wheeler Alignment (BWA), and variants were called and annotated using ANNOVAR. Protein-coding variants were checked against established databases (1000 Genomes Project and dbSNP, version138). Novel nonsynonymous variants, which were predicted to below 0.05 on SIFT website and above 0.95 on PolyPhen-2 website, were confirmed through Sanger sequencing on two occasions. Nomenclature of variants identified was established according to Human Genome Variation Society (HGVS, www.hgvs.org/mutnomen).
Sanger sequencing
Genomic DNA was extracted from peripheral blood according to standard protocols. The target fragments of WDR62 (NM_001083961) were amplified by PCR using primers listed in S1 Table. The PCR products was purified, labeled by BigDye (Terminatorv3.1 Cycle Sequencing Kits, Applied Biosystems), and sequenced by ABI 37306l DNA Analyzer (Applied Biosystems, Foster City, CA). The two variants were confirmed by two independent PCR runs and sequenced in both forward and reverse strands.
Statistical analysis
All experiments were repeated at least three times and at least three individual animals of each genotype were performed. The quantitative results were presented as the mean±SEM. The data were analyzed with Student's t-test and one-way ANOVA. 
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